The interface structure between Sn-3Ag solder and electroless plated Ni film and the structure near that interface were examined. Plated electroless Ni films contained 3.7 mass% phosphorus or 8.5 mass% phosphorus. A P-enriched layer is formed at the joining interface between plated electroless Ni film and Sn-3Ag solder, in each sample with 3.7 mass%P and 8.5 mass%P. P-enriched layers of both P concentration samples contained double the P concentration than the original plated Ni films. Also, the P-enriched layer of the Ni-8.5 mass%P sample was much thicker than that of the Ni-3.7 mass%P sample. Both P-enriched layers have been composed of Ni-Sn-P layer and P enriched Ni-P layer. Kirkendall voids were formed between the 1st Ni-Sn-P layer and 2nd Ni-P layer. The number of voids observed in Ni-8.5 mass%P sample was much greater than those in the Ni-3.7 mass%P sample. Intermetallic compounds, mixtures of Ni 3 Sn 2 and Ni 3 Sn 4 , were formed by the interfacial reaction. In the case of the Ni-3.7 mass%P sample, Ni-Sn intermetallic compounds continuously crystallized on the P-enriched layer, while in the case of the Ni-8.5 mass%P sample, Ni-Sn intermetallic compound crystallized dispersively in the solder.
Introduction
A joining system between electroless plated Ni films and micro solder balls is widely used for high density and high performance semiconductor devices, i.e., portable telephone or a multi chip module (MCM) for super computers. 1, 2) Electroless plated Ni film must contain phosphorous from several mass% through 10 mass% in order to use hypophsphite as a reducing agent during plating. Electroless Ni plating is widely used for metallizations, because electroless plated Ni film has a high corrosion resistance as well as a low cost. 1) As the miniaturization and performance of the electronic devices progress, the solder balls and bonding pitches become smaller and smaller.
On the other hand research into a lead-free soldering process for semiconductor devices has become popular in order to prevent lead pollution from Pb-bearing solder.
3)
The Sn-Ag based solder is one of the leading candidates for lead-free solder, because it has both good resistance to thermal fatigue and high ductility. 4) Hence enhancement of reliability at the very small joints between Pb-free solder and electroless plated Ni (abbreviated as Ni-P hereafter) is very important for the future of high performance LSI.
The Reliability of solder joints strongly depends on the interface structure between solder and metallization. 5) Therefore understanding and controlling the interface structure between various solders and plated films is a crucial issue.
Lee et al. have reported that a phosphorus-rich layer is formed at the soldering interface, when Ni-P alloy plated film with phosphorus concentrations of 8.5, 6.5 or 4 mass% is joined with Pb-60 mass%Sn solder. 6, 7) Mei et al. have also reported this the phosphorus-rich layer causes weak joints be- * Graduate Student, Ibaraki University.
tween electroless plated Ni-P alloy film with 2.7 mass%P and the 63Pb-Sn solder. 1) Recently, Kariya et al. have reported that a similar phosphorus-rich layer is formed at the joining interface between Sn-Ag solder and electroless plated Ni-P alloy film with 8 mass% P. 8) However, the influence of phosphorus concentration in electroless plated Ni-P alloy film on the joining interfacial structures, such as a phosphorus-rich layer and the intermetallic compounds between Sn-Ag solder and electroless plated Ni-P alloy film, has not been systematically shown.
In this paper, we investigated the interfacial structures between electroless plated Ni-P alloy film and Sn-3 mass%Ag solder as a function of the P concentration in electroless plated Ni-P film. Figure 1 shows the structure of the sample. Two layers of Ni alloy film were electroless plated on a tungsten electrode in the multi layer ceramic (MLC) substrate. First, the 3.2 µm thick Ni films containing 0.5 mass% boron were electroless plated. Next, the 1.0 µm thick Ni films containing 3.5 mass% phosphorus or 8.4 mass% phosphorus were plated on the first Ni-B layer. In addition, a 0.1 µm thick layer of gold was flash plated on top of the Ni-P film in order to prevent oxidation and to enhance its wettability with solder. The soldering conditions are as follows: Peak temperature: 513 K; Holding time at the peak temperature: 10 minutes; Atmosphere: nitrogen.
Experimental Procedure
After soldering, the cross-sectional structures near the interface were studied using SEM and TEM. For the crosssectional SEM, samples were mirror polished with fine paper followed by a final ion thinning. The thinning conditions were as follows; Sputtering angle of Ar ion: 10-15
• ; Acceleration voltage: 3-4 kV; Beam current: 0.2-1 mA; Thinning time: 10-18 hours.
The morphology of the compounds which crystallized at the interface was observed using SEM after removing the solder by amalgamation.
The samples for the TEM observation were made by the FIB (Focused Ion Beam fabrication) system.
A XRD (X-Ray Diffraction) measurement was done in order to clarify the intermetallic compound. AES (Auger electron spectroscopy) and EDX (Energy Dispersive X-ray Analyzer) were used in order to examine the depth profiles of each element. The beam diameters in the AES and EDX measurements were 40 nm and 4 nm, respectively. Figure 2 shows the cross-sectional SEM image of the soldering interface between electroless plated Ni-P alloy film with the 3.7 mass% phosphorus concentration and Sn-3 mass%Ag (abbreviated as Sn-3Ag hereafter) solder. The soldered samples with the electroless plated Ni-P alloy film containing 3.7 mass% phosphorus is abbreviated as the Ni-3.7 mass%P samples. There is a reaction layer along the interface between the electroless plated Ni-P alloy film and the solder. The reaction layer is divided into two layers. The first layer is an angular intermetallic compound, and the other is a thin layer as shown by the arrows. AES measurement was done to identify these two layers. Figure 3 shows the depth profiles for each element for the Ni-3.7 mass%P sample. Measurement was done along the white line shown in Fig. 2 . The length of the cross axis corresponds to the length of the white line in the SEM image. The intermetallic compound contains about 50 at%Ni, 50 at%Sn and 0 at%P. Hence this compound is considered to be Ni 3 Sn 2 .
Results and Discussions

Soldered interface between electroless plated Ni-3.7 mass%P film and Sn-3 mass%Ag solder
11) The thin layer formed between the intermetallic compound and the electroless plated Ni-B alloy film is the Ni layer containing about 7 mass%P, i.e. twice as high as the original phosphorus concentration. Hence this layer is a P-enriched Ni layer as shown in the previous papers. 1, [6] [7] [8] From above results we can assume the following soldering process between electroless plated 3.7 mass%P alloy film and Sn-3Ag solder. Only Ni diffuses into the solder and forms a intermetallic compound without P, hence the phosphorus enriched in the Ni-P alloy film. Thus a phosphorus-rich layer is formed under the Ni-Sn intermetallic compound. Figure 4 shows the SEM images of the surface of the intermetallic compounds after the removal of the Sn-3Ag solder from the Ni-3.7 mass%P samples. Two kinds of intermetallic compounds are found, both large pyramidal crystals and fine crystals were formed during soldering. Figure 5 shows the XRD measurement results for the Ni-3.7 mass%P sample. As shown in Fig. 5 , Ni 3 Sn 4 and Ni 3 Sn 2 peaks were observed. Therefore, the crystallizations are considered to be a mixture of Ni 3 Sn 4 and Ni 3 Sn 2 . We have already confirmed that the pyramidal crystals in Fig. 4 were Ni 3 Sn 2 by comparing them with previous experimental results. 9) Hence the fine crystals are probably Ni 3 Sn 4 . Figure 6 shows a TEM image of the interfacial structure of the soldered Ni-3.7 mass%P sample. The thin layer between the Ni-B alloy film and the intermetallic compound must be the P-enriched Ni layer from Fig. 2 and Fig. 3 . The P-enriched layer is actually of two layers, i.e. an upper 1st layer with few voids and a lower contrasting 2nd layer by contrast. Figure 7 shows EDX analysis of the joint interface done in the TEM. The intermetallic compound contains about 30 mass%Ni and 65 mass%Sn. Hence this compound corresponds to the Ni 3 Sn 4 .
10) The P-enriched 1st Ni layer contains high P and Sn, and the 2nd Ni layer contains low P.
During the reaction, Ni moves to the solder to form a Ni-Sn intermetallic compound and the Sn in the solder also moves to the Ni-P layer by mutual diffusion, 11) resulting in a Ni-Sn intermetallic compound formation on a P-enriched Ni-Sn-P layer. Figure 8 shows the cross-sectional SEM image of the interface between the electroless plated Ni-P film containing 8.5 mass% phosphorus and Sn-3Ag solder after joining. The soldered sample with plated Ni-P film containing 8.5 mass% phosphorus is abbreviated as the Ni-8.5 mass%P sample. It is clear that the interfacial structures in this sample were quite different from those of the joint between the Ni-3.7 mass%P and Sn-3 mass%Ag solder (Fig. 2) . Intermetallic compounds were formed in the solder. To confirm this result, an AES measurement was done along the white line shown in Fig. 8 . Figure 9 shows the depth profile for each element of the Ni-8.5 mass%P sample. The concentration distribution of Ni and Sn in the Sn-Ag solder is discontinuous. Thus intermetallic compounds are confirmed to be dispersed in the solder. These intermetallic compounds contain about 50 at%Ni and 50 at%Sn. Hence these intermetallic compounds is considered be Ni 3 Sn 2 .
Soldered interface between electroless plated Ni-8.5 mass%P alloy film and Sn-3 mass%Ag solder
11) The reaction layer consists of a P-enriched layer which contains double the P concentration than the original Ni-8.5 mass%P film. In addition, the reaction layer is much thicker than the P-enriched layer of the Ni-3.7 mass%P sample (Figs. 2 and 3) .
These results indicate that the reaction rate between plated Ni-8.5 mass%P film and solder is higher than that of plated Ni-3.7 mass%P film and solder. Hence Ni-Sn intermetallic compounds were formed in the solder. by amalgamation, the intermetallic compounds were also removed. This is because the intermetallic compounds were dispersed in the solder. Therefore, it was not possible to observe the compounds in the Ni-8.5 mass%P sample. Figure 11 shows a TEM image of the interfacial structure of the Ni-8.5 mass%P sample. The P-enriched layer seems to have been divided into two layers. It is similar to the Ni-3.7 mass%P sample. Many Voids were observed between 1st layer and 2nd layer. These voids may degrade the strength of the solder joints. Figure 12 shows a profile of the concentration of each element measured by the EDX. P-enriched Ni layer is divided into two parts. One is the high P concentration layer with Sn, the other is the low P concentration layer without Sn. This measurement result is similar to the Ni-3.7 mass%P sample's result. Importantly, 1st NiSn-P layer was about 5 times thicker than that of the Ni-3.7 mass%P sample.
The fact that Ni-Sn intermetallic compounds were formed in the solder due to the high reaction rate between Ni-8.5 mass%P film and Sn solder means that the 1st Ni-Sn-P layer became much thicker by the diffusion of Sn into Penriched layer. This is because there are fewer Ni-Sn intermetallic compounds, thus, fewer barriers to Sn diffusion on the P-enriched layer.
The melting point of the 1st layer is considered to be lower than that of the 2nd layer. 12) Generally, the self-diffusion coefficient increased, as the melting point decreased1.
3) Based on these facts, the diffusion velocity of Ni in the 1st layer is thought to be higher than that of Ni in the 2nd layer. These differences in the diffusion velocity create the kirkendall void formed at the interface. Hence the quantity of the voids of Ni-8.5 mass%P sample are much larger than those of Ni-3.7 mass%P sample. These voids degrade the reliability of the solder joint.
Conclusion
An analysis of the interfacial structure between plated electroless plated Ni-P alloy films and Sn-3 mass%Ag solders was done, the following results were obtained:
(1) After soldering, a P-enriched layer is formed at the joining interface between electroless plated Ni film and Sn3Ag solder, in each sample with 3.7 mass%P and 8.5 mass%P. And P-enriched layer has been composed of Ni-Sn-P layer and P enriched Ni-P layer. P-enriched layer formed at the joining interface between Ni-8.5 mass%P alloy film and Sn3Ag solder was thicker than that of P-enriched layer formed at the joining interface between Ni-3.7 mass%P alloy film and Sn-3Ag solder.
(2) It was also found that kirkendall voids were formed between the 1st Ni-Sn-P layer and 2nd Ni-P layer. Number of voids for Ni-8.5 mass% sample was larger than that for Ni-3.7 mass% sample.
(3) Intermetallic compounds, mixtures of Ni 3 Sn 2 and Ni 3 Sn 4 , were formed by the interfacial reaction.
(4) In the case of the Ni-3.7 mass%P sample, Ni-Sn intermetallic compounds continuously crystallized on the Penriched layer, while in the case of the Ni-8.5 mass% sample, Ni-Sn intermetallic compound crystallized dispersively in the solder.
